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The incubation ofa cell-free protein-synthesizing system prepared from rabbit
reticulocytes with cytoplasmic RNA from herpes simplex virus (HSV)-infected
cells resulted in increased thymidine kinase activity. This enzyme activity was
specifically inhibited by anti-HSV antiserum and was relatively unaffected by
TTP, an inhibitor of cellular thymidine kinases. Induction of the new activity
was prevented by addition of inhibitors of eucaryotic protein synthesis, and no
new activity was detected when RNA from cells infected with pyrimidine
deoxyribonucleoside kinase-deficient mutants, instead of wild-type HSV, was
added. An increased deoxycytidine kinase activity with similar properties to the
HSV-specified enzyme activity was also present in cell-free systems incubated
with RNA from HSV-infected cells. Phosphorylation of thymidine and deoxy-
cytidine at 300C continued for longer than 11 h. The findings are consistent with
the accurate synthesis in vitro of enzymically active HSV-specified pyrimidine
deoxyribonucleoside kinase.

Translation of mRNA in bacterial cell-free
systems to active enzymes has been achieved
with bacterial mRNA (25) and bacteriophage
mRNA (6, 18, 22, 23). Such experiments have
proved very useful in investigations ofthe regu-
lation of mRNA synthesis and inactivation,
since a single product of known identity can be
studied. The synthesis of active bacteriophage
enzymes in eucaryotic systems has also been
demonstrated (1, 2).
Attempts to study specific mRNA's from eu-

caryotic organisms and their viruses have gen-
erally relied on identification of the in vitro-
synthesized product by immunoprecipitation
(3, 4, 10, 15, 20, 24), but this approach can be
most usefully applied only if the protein of in-
terest can be obtained in a purified form. Anal-
ysis of the biological activity of in vitro-synthe-
sized polypeptides overcomes this restriction,
but at present the only eucaryotic system ofthis
nature with potential for quantitative work is
the cell-free synthesis of interferon (21).
We have previously described the synthesis

of herpesvirus-induced polypeptides in a cell-
free system derived from reticulocytes (16).
Since many of the products appeared to repre-
sent authentic virus-induced polypeptides, it
seemed worthwhile to investigate the possibil-
ity that herpesvirus-specified enzymes were
also made. Pyrimidine deoxyribonucleoside ki-
nase (dPyK), an enzyme that phosphorylates
many deoxypyrimidine nucleosides including
thymidine and deoxycytidine (5), was chosen

for three reasons. First, it has biochemical
properties that are well defined and that differ
from those of cellular enzymes in many respects
(9, 11, 12). Second, mutants that lack detectable
dPyK activity are available and provide useful
controls (8). Third, the molecular weight of the
enzyme is reported to be 44,000 (7), a size that is
translated efficiently by the cell-free system.

MATERIALS AND METHODS
Isotopes. [Methyl-3H]thymidine (50 Ci/mmol) and

deoxy[5-3Hlcytidine (24 Ci/mmol) were obtained
from the Radiochemical Centre, Amersham, Eng-
land.

Cells and virus stocks. The cells used were BHK
C13 cells (14). The virus was herpes simplex virus
(HSV) type 1, strain 17. Two mutants of the same
strain lacking detectable pyrimidine deoxyribonu-
cleoside kinase activity, dPyK,-' and dPyK,7, were
supplied by A. T. Jamieson. Anti-HSV antiserum
(against HSV-infected rabbit kidney cells) and pre-
immune rabbit serum were gifts from J. Hay.

Preparation of cell extracts. Extracts from unin-
fected cells or cells infected with HSV-1 (20 PFU/
cell) at 7 h postinfection were prepared as described
by Jamieson and Subak-Sharpe (9).

Extraction of RNA. BHK cell monolayers were
infected with HSV-1 or mutant viruses at 20 PFU/
cell and harvested at 5 h after infection at 31°C.
Total cytoplasmic RNA was extracted as described
previously (16).

Cell-free protein synthesis. The conditions for
cell-free protein synthesis (16) were modified
slightly. Assay mixtures (20 ,u) contained the fol-
lowing: 50 mM N-2-hydroxyethyl piperazine-N'-2-
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ethanesulfonic acid buffer, pH 7.6; 0.5 mM dithio-
threitol; 0.5 mM spermidine; 0.15 mM magnesium
acetate; 0.6 mM CTP; 1 mM ATP; 0.1 mM GTP; 4 mg
of creatine phosphate per ml; 0.2 mg of creatine
phosphokinase per ml; 0.05 mM of each of the 20
common amino acids; 2 pl of a rabbit reticulocyte
pH 5 fraction; 7 ,ul of rabbit reticulocyte S100 frac-
tion; and 1.2 ,ul of a BHK cell ribosomal salt-wash
fraction.

Cytoplasmic RNA from uninfected or infected
cells, or Escherichia coli rRNA, was added to give a
final concentration of 200 ,ug per ml.

Incubation was continued for 90 min at 300C, after
which thymidine kinase or deoxycytidine kinase ac-
tivity was assayed.
Thymidine kinase assays. Thymidine kinase was

measured by a modification of previously described
methods (9). Assay mixtures (80 ,ul) contained the
following components: 100 mM sodium phosphate
buffer, pH 6.0; 10 mM ATP; 10 mM magnesium ace-
tate; and 100 ,uCi of [3H]thymidine per ml. TTP,
where present, was added at 0.05 mM.

For the analysis of thymidine kinase synthesis in
vitro, a concentrated solution of these ingredients
was added to the cell-free system.
The activity of extracts of uninfected or infected

cells was measured under the same conditions, but
the amount of extract added was adjusted to give an
activity approximately equal to that of the cell-free
systems.

Reticulocyte thymidine kinase was measured by
the addition of 20 ,uI of reticulocyte S100 to the assay
mixture.

Incubation of the assay mixtures was at 300C for 5
h, after which 20 ul of 1 mM thymidine was added.
The mixtures were then heated at 1000C for 2 min
and centrifuged at 2,000 x g for 10 min, and a 60-,ul
sample of the supernatant was spotted onto a What-
man DE81 paper disk. The disks were washed three
times at 370C in 4 mM ammonium formate contain-
ing 10 jM thymidine, once in water, and twice in
ethanol and dried before estimating the retained
radioactivity by scintillation counting.

Thin-layer chromatography on PEI-cellulose
sheets confirmed that the reaction products were
thymidine nucleotides.

Antisera, where present, were diluted in phos-
phate-buffered saline and constituted 25% of the
total reaction mixture.

Deoxycytidine kinase assays. Assay conditions
for deoxycytidine kinase were the same as for thy-
midine kinase, except that sodium phosphate buffer
was present at a concentration of 50 mM (pH 7.0)
and 200 '&Ci of [3H]deoxycytidine per ml was added
instead of [3H]thymidine.

Protein estimations. Protein was estimated by
the method of Lowry et al. (13).

RESULTS
Thymidine kinase activity of the fraction-

ated reticulocyte cell-free system. Investiga-
tion by the method of Jamieson and Subak-
Sharpe (9) of thymidine kinase activity in the
fractionated reticulocyte cell-free system re-

vealed no detectable phosphorylation of thymi-
dine. Furthermore, no increase in thymidine
kinase could be observed after incubation with
cytoplasmic RNA from HSV-infected cells,
even though it has been shown that HSV-
induced polypeptides can be synthesized in the
cell-free system (16). Increasing the sensitivity
of the thymidine kinase assay, however, has
allowed detection of the in vitro synthesis ofthe
virus-specified enzyme. The important changes
are the use of high-specific-activity [3H]thymi-
dine and incubation at 300C for extended reac-
tion times.
Under these modified conditions, the activity

of the cell-free system components could be de-
tected (Table 1), although the value for the
reticulocyte S100 fraction was about 2,000 times
lower than that found in BHK cells. It should
be noted that, owing to the lower concentration
of thymidine present, the activities of infected
and uninfected BHK cells are lower than previ-
ously reported (9). Incubation of the cell-free
system with cytoplasmic RNA from HSV-in-
fected cells results in a two- to threefold in-
crease in thymidine kinase activity, whereas no
such effect was observed in the presence of cyto-
plasmic RNA from uninfected cells. This result
suggests that in vitro synthesis of the HSV-
specified enzyme occurs, and the remainder of
this communication concerns the characteriza-
tion of this induced activity.

Effects of TTP on thymidine kinases. It has
been shown previously that cellular thymidine
kinase is inhibited by TTP at concentrations as
low as 50 puM, although the HSV-induced en-
zyme is relatively unaffected by this compound
(9, 12). Figure 1 shows that the activity of the

TABLE 1. Thymidine kinase activities of cell-free
system components

Thymidine kinase

Components activity (pmolphosphorylated/h
per mg of protein)

Reticulocyte S100 ............. .... 6.2
Reticulocyte pH 5 fraction ........ 9.1
BHK ribosomal salt-wash fraction. 126
Total cell-free system ............ 8.4

After incubation with BHK cell
RNA ........................ 7.6

After incubation with infected-
cell RNA .................... 23.2

BHK cell extract ................. 4,600
Infected BHK cell extract......... 60,000

a Thymidine kinase assays were performed on the
complete cell-free translation system or on the indi-
vidual components.

b Results are the means of at least three determi-
nations.
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50 150 2500 50 150 250

TTP concentration (PM)
FIG. 1. Effects ofTTP on thymidine kinase activi-

ties. (a) Activity in cell-free systems after incubation
with cytoplasmic RNA from infected cells (@) or no

RNA (0) was assayed. (b) Activity of extracts from
infected (@) or uninfected (0) BHK cells was mea-

sured. The activity due to the HSV-induced enzyme
(0) was calculated by subtraction of the background
activity of the cell-free system (a) or BHK cells (b).
Note that this calculation depends on the assumption
that the activities of reticulocyte and BHK cell en-

zymes are unaffected by the presence ofvirus-induced
thymidine kinase.

cell-free system was totally inhibited by the
addition of 50 uM TTP, whereas after incuba-
tion with cytoplasmic RNA from infected cells,
an activity that was very much less affected by
TTP was present. Comparison with the behav-
ior of extracts from infected and uninfected
BHK cells shows that the response of the en-

zyme produced in vitro was very similar to that
of the virus-specified enzyme induced in vivo.
This strongly suggests that in vitro synthesis of
active HSV-specified thymidine kinase occurs
in the cell-free system, and furthermore dem-
onstrates that the addition of50 ,uM TTP allows
the specific assay of this enzyme.

Induction of thymidine kinase in vitro re-

quires translation of mRNA. To establish
whether induction of TTP-resistant thymidine
kinase was due to protein synthesis, the effects
of two inhibitors were tested (Table 2). The
inclusion of cycloheximide or aurin tricarbox-
ylic acid in the cell-free system before incuba-
tion with infected-cell RNA completely abol-
ished production of the enzyme. The possibility
that this effect was due to a direct action of the
compounds on the enzyme was tested by adding
them after in vitro protein synthesis. Cyclohex-
imide then had no effect on the thymidine ki-

nase activity, and although aurin tricarboxylic
acid gave a reduction of about 40%, it was clear
that the major mode of action of these com-
pounds was through inhibition of protein syn-
thesis.
The appearance of TTP-resistant thymidine

kinase was also prevented by incubation of the
protein-synthesizing system at 40C instead of at
300C.
Further evidence that the in vitro-synthe-

sized enzyme was the HSV-specified thymidine
kinase was obtained by comparing various cy-
toplasmic RNA preparations. RNA from cells
infected with dPyK-deficient mutants or from
uninfected cells failed to stimulate thymidine
kinase synthesis (Table 3), even though many
polypeptides were synthesized (16).
These results demonstrate that translation of

added RNA was necessary for the production of
TTP-resistant thymidine kinase and exclude
the possibility that addition ofRNA altered the
properties of reticulocyte thymidine kinase or
stimulated the synthesis of a reticulocyte or
BHK cell enzyme.
Immunological characterization of in vitro-

synthesized thymidine kinase. The effects of
anti-HSV antiserum and pre-immune rabbit
serum on thymidine kinase activity are shown

TABLE 2. Requirements for in vitro synthesis of
thymidine kinase

Thymidine ki-
Treatment to cell-free system" nase activity

(cpm x 10-3)

No additions 33.8
Cycloheximide (200 ,ug/ml) added

at:
0 min 0.8
90 min 35.6

Aurin tricarboxylic acid (200 ,uM)
added at:

0 min 0.1
90 min 19.7

Incubation at 4°C instead of 30°C 3.4

a Cell-free systems contained cytoplasmic RNA
from infected cells.

TABLE 3. In vitro synthesis of thymidine kinase
directed by various RNA preparations

Thymidine kinase
Source of RNA activity (cpm x

10-3)

HSV-infected cells .................... 34.2
HSV (dPyKr-1)-infected cells .......... 1.2
HSV(dPyK,-7)-infected cells ........ 1....0
Uninfected BHK cells ................. 1.4
E. coli rRNA ..................... 1.2
No added RNA ..................... 1.4

a TTP, 50 uM, was present in all incubations.
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in Fig. 2. The anti-HSV antiserum totally in-
hibited the HSV-specified enzyme from infected
cells and the in vitro-synthesized thymidine
kinase, but had little effect on reticulocyte or
BHK cell activities. Separate experiments (not
shown) established that the enzyme from in-
fected cells was inhibited to the same extent
when added to reaction mixtures containing no
added RNA. Pre-immune rabbit serum did not
significantly inhibit any ofthe activities tested.
The enzyme synthesized in vitro was, therefore,
indistinguishable from HSV-specified thymi-
dine kinase by this criterion.
Time course of thymidine phosphorylation.

The sensitivity of the thymidine kinase assay
has been considerably increased by the use of
an extended period of incubation. A time of 5 h
was used in these studies, since this gave ade-
quate detection of in vitro-synthesized thymi-
dine kinase. An examination of the reaction in
the presence of 50 uM TTP (Fig. 3) shows that
formation of thymidine nucleotides proceeds
linearly with time for at least 11 h, and there-
fore even greater sensitivity of detection of thy-
midine kinase is possible. A similar time course
has been found for the reaction with enzyme
synthesized in infected cells (19).
Synthesis of deoxycytidine kinase in vitro.

The deoxycytidine kinase activity of cell-free
protein-synthesizing systems is shown in Fig. 4.
Two main findings emerge. First, the cell-free
system incubated with cytoplasmic RNA from
HSV-infected cells showed a twofold increase in

120 (G) (b)
E
2 100

~ 0

60

a 4

Antiserum concentration

FIG. 2. Effect of antisera on thymidine kinase ac-

tivities. Anti-HSV antiserum (a) orpre-immune rab-
bit serum (b) was added to thymidine kinase assays.

Symbols: (0) in vitro-synthesized HSV enzyme (as-
sayed with added TTP); (U) reticulocyte enzyme (as-
sayed without TTP); (0) infected-cell virus-specified
enzyme (assayed with added TTP); (0) BHK cell
enzyme (assayed without TTP).

2-
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FIG. 3. Time course of thymidine phosphoryla-
tion. Assay mixtures contained 50 M TTP and sam-
ples from cell-free systems after incubation with
HSV-infected-cell RNA (-) or no added RNA (0).
Addition ofcytoplasmic RNA from cells infected with
HSV (dPyK,-7) or uninfected cells gave results un-
distinguishable from those found with no added
RNA.
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FIG. 4. Time course of deoxycytidine phosphoryl-

ation. Assays contained samples from cell-free sys-
tems after incubation with HSV-infected-cell RNA
(a) or no added RNA (0). Addition of cytoplasmic
RNA from cells infected with HSV (dPyK,-7) or un-
infected cells gave results indistinguishable from
those found with no added RNA.

activity compared with cell-free systems incu-
bated with RNA from HSV-l(dPyK,17)-in-
fected cells, BHK cells, or no RNA. This level of
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enhancement is similar to that found when thy-
midine kinase was assayed.

Second, the overall deoxycytidine kinase ac-
tivity in the presence or absence of infected-cell
RNA was substantially lower than the thymi-
dine kinase activity. This was not due to any
inhibitory effects of reticulocyte components,
since the activity of infected-cell extracts was
unaffected by the addition of cell-free transla-
tion mixtures (results not shown).
A preliminary characterization of the in-

duced deoxycytidine kinase activity has been
carried out (Table 4). This shows that the activ-
ity induced by incubation ofthe cell-free system
with cytoplasmic RNA from HSV-infected cells
was significantly more sensitive to inhibition
by anti-HSV antiserum than the activity of the
cell-free system without added RNA, whereas
pre-immune rabbit serum had little effect. Fur-
thermore, thymidine, a competitive inhibitor of
deoxycytidine phosphorylation by the virus-
specified enzyme (9), gave greater inhibition of
the induced enzyme than that of background
activity.
These findings are consistent with the con-

clusion that the in vitro-synthesized enzyme
can use both thymidine and deoxycytidine as
substrates.

DISCUSSION
The experiments reported here demonstrate

that cytoplasmic RNA from infected cells can
direct the in vitro synthesis of enzymically ac-
tive HSV-specified dPyK. The newly synthe-
sized enzyme is indistinguishable from HSV
dPyK induced in vivo by biochemical and im-
munological criteria, thus providing compel-
ling evidence for the accuracy of the cell-free
translation system. The requirement for an in-
tact viral dPyK gene indicates that the in vitro-

TABLE 4. Partial characterization of in vitro-
synthesized deoxycytidine kinase

Deoxycytidine kinase activ-

Treatment to cell-free sys- ity (cpm x 10-3)
tem +HSV-in- +BHK cell

fected RNA RNA

No additions 2.80 1.15
+PBSa 2.94 1.08
+Pre-immune rabbit se- 3.25 1.16
ruma

+Anti-HSV antiseruma 1.06 1.25
+25 1LM thymidine 1.33 1.26
+50 ,uM thymidine 1.25 1.13

a Phosphate-buffered saline and antisera consti-
tuted 25% of the reaction mixtures. Antisera were
the undiluted samples shown in Fig. 2.

synthesized enzyme is HSV coded. As far as we
know, this is the first report of translation of
mRNA extracted from infected (or uninfected)
eucaryotic cells into an enzymically active
product.
A major reason for the successful detection of

in vitro-synthesized dPyK is the use of a cell-
free system derived mainly from reticulocytes.
These cells have undergone differentiation to
the extent that the nucleus has been lost, and
this presumably has been accompanied by de-
cay of the enzymes associated with DNA syn-
thesis. It may therefore be possible to detect in
vitro synthesis ofother enzymes concerned with
DNA synthesis. We have also detected synthe-
sis of dPyK in unfractionated reticulocyte ly-
sates, although the yield of enzyme was lower
than reported here.
No in vitro synthesis of BHK-specified dPyK

enzymes was found in the experiments de-
scribed here. This may be due to the presence of
only low amounts of functional mRNA for these
enzymes, or to a lack of sensitivity of the assay
system, which has been optimized for detection
of virus-specified dPyK.

It has been shown previously that the cell-
free system used in these studies synthesizes
many HSV-induced polypeptides that have no
in vivo counterparts with identical molecular
weights (16). This is thought to be due to the
failure of reticulocyte-derived systems to carry
out "normal" processing of in vitro-synthesized
polypeptides, especially glycosylation (17). The
results presented here, therefore, suggest that
extensive glycosylation is not essential for the
production of active HSV dPyK.
The system described here should be particu-

larly useful in studies on the structure and
metabolism of HSV dPyK mRNA.
We have recently learned that in vitro syn-

thesis of the HSV dPyK polypeptide has been
reported by others (3a).
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